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ARTICLE INFO ABSTRACT

Keywords: Hyper-inflammatory responses, lymphopenia, unbalanced immune responses, cytokine storm, large viral repli-
COVID-19 cation and massive cell death play fundamental roles in the pathogenesis of COVID-19. Extreme production of
SARS-CoV-2 many kinds of pro-inflammatory cytokines and chemokines occur in severe COVID-19 that called cytokine storm.
STAT3 . . s . . . .

Pathogenesis Signal transducer and activator of transcription-3 (STAT-3) present in the cytoplasm in an inactive form and can
Inﬂamgmati on be stimulated by a vast range of cytokines, chemokines and growth factors. Thus, STAT-3 can participate in the
Immune response induction of inflammatory responses during coronavirus infections. STAT-3 can also suppress anti-virus inter-
Treatment feron response and induce unbalanced anti-virus adaptive immune response, through influencing Th17-, Thi-,

Treg-, and B cell-mediated functions. Furthermore, STAT-3 can contribute to the M2 macrophage polarization,
lung fibrosis and thrombosis. Moreover, STAT-3 may be directly targeted by some virus-derived protein and
operate as a pro-viral or anti-viral element in a virus-specific process. Here, the possible contribution of STAT-3
to the pathogenesis of COVID-19 was explained, while providing potential approaches to target this transcription

factor in an attempt for COVID-19 treatment.

1. Introduction

Both SARS-CoV-2- (such as viral mutations) and human-related
factors (such as age, gender, genetic, immune status, comorbidities,
obesity and smoking) contribute to the COVID-19 severity and outcomes
[1,2]. Massive infiltration of lung alveoli with inflammatory cells such as
monocytes, macrophages, lymphocytes, eosinophils and neutrophils
occur during COVID-19 [3,4]. The fibroblastic proliferation and bron-
chiolar epithelial metaplasia also occur in lung alveoli [4]. Clinical
exacerbation of COVID-19 accompanies the occurrence of the dysregu-
lation of cytokine production called cytokine storm that is characterized
by the dangerous raise of plasma quantities of numerous
inflammation-promoting cytokines and chemokines [5,6]. Lung damage
is one of the consequences of the cytokine storm which can lead to acute
lung injury (ALI) or its more dangerous form called acute respiratory
distress syndrome (ARDS) [7]. Overall, hyper-inflammation, lympho-
penia, immune dysfunction, cytokine storm, large viral replication,
massive cell death, coagulopathy and fibrosis play crucial roles in the
multi-organ failure, especially ARDS in COVID-19 [8]. (see Figs. 1 and 2)

In mammalian, the signal transducer and activator of transcription

factors (STATSs) including STAT-1, -2, -3, -4, -5A, -5B and —6 control the
expression of genes regulating cell proliferation, cell differentiation,
immune responses, inflammation, apoptosis and oncogenesis [9]. Six
operative domains of STAT-3 molecule include the N-terminal domain,
coiled-coil domain, linker domain, DNA binding domain, SH2 domain
and C-terminal transcriptional activation domain [10]. The STAT-3
protein present in the cytoplasm in an inactive form, which is mainly
activated by IL-6 upon ligation to its receptor, IL-6Ra. Moreover, STAT-3
can be stimulated by numerous types of cytokines such as TNF-a and
IFN-y, IL-5, IL-9, IL-10, IL-11, IL-12, IL-21, IL-22, IL-27, G-CSF, M-CSF,
GM-CSF, monocyte chemotactic protein-1 (MCP-1) and CCL5 [9,10],
some of them exist in the COVID-19-related cytokine storm [6].

The binding of the aforementioned cytokines to their corresponding
receptors cause conformational alterations in the cytoplasmic domain
activating the relevant Janus kinase (JAK), which then phosphorylates
the certain tyrosine residues in the intracellular parts of the receptors
while attracting and phosphorylating STAT-3. Stimulated STAT-3 re-
leases from the receptor to create homodimers or heterodimers with
other STATs via its SH2 domain. Homo- or heterodimerized STAT-3 is
then transported from the cytoplasmic region to the cell nucleus and
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finally attach to the promoter regions of target genes to induce gene
expression [10].

IL-6 is a main player among cytokine storm associated with the
COVID-19 severity, considering as a predictive marker of COVID-19
fatality [11]. The IL-6/JAK/STAT-3 axis potently contributes to the
pathogenesis of COVID-19 [12]. All three components in this axis can be
targeted to manage COVID-19. IL-6 blockers target only one cytokine
and results using Tocilizumab (an IL-6 blocker) indicate the improve-
ment of the respiratory and laboratory parameters of COVID-19 patients.
In addition to IL-6, JAK inhibitors can concurrently interrupt the signal
transmission mediated by numerous cytokines [12,13].

The STAT-3 inhibition as a downstream element in the IL-6/JAK/
STAT-3 axis may be a more attractive therapeutic strategy to mitigate
COVID-19 severity. STAT-3 may have multiple roles during SARS-CoV-2
infection, including induction of pro-inflammatory responses, promo-
tion of cytokine storm, unbalancing of immune responses, impairment of
anti-viral immune responses, and exacerbation of lymphopenia.
Furthermore, STAT-3 can be accused in the promotion of lung fibrosis,
thrombosis and vascular abnormalities. The direct role of STAT-3 in the
SARS-CoV-2 replication is also suspicious. Therefore, the targeting of
STAT-3 may be better and more efficient than IL-6 and JAK targeting,
and thus successive STAT-3 targeting may have therapeutic potentials in
COVID-19.

2. STAT-3 contributes to the COVID-19 pathogenesis
2.1. IL-6/STAT-3 axis potentiates inflammatory responses in COVID-19

In SARS-CoV mouse models, high IL-6 levels were associated with

Microbial Pathogenesis 154 (2021) 104836

severe inflammation and a greater mortality rate [14,15]. In
SARS-CoV-infected patients, the elevated IL-6 amounts were correlated
with disease severity [15]. A powerful association was also indicated
between serum IL-6 levels and the ongoing respiratory failure in
COVID-19 patients [16,17]. Raised IL-6 concentrations to levels >80
Pg/mL have been proposed as an indicator to determine the COVID-19
patients with a greater risk of lung dysfunction [18]. The
COVID-19-related risk factors such as old ages, hypertension, diabetes,
and obesity were associated with greater IL-6 quantities [17,19]. Higher
plasma amounts of leptin were detected in COVID-19 patients [20].
Leptin can synergistically with IL-6 activate STAT-3-mediated signaling
in monocytes potentiating cytokine storm, particularly in overweight
COVID-19 patients [20]. Milder disease and lower risk of
COVID-19-related mortality in women than in men have been attributed
to the regulatory impacts of the estrogen on IL-6 expression [17,19]. The
elevated quantities of angiotensin II due to SARS-CoV-2-induced
downregulation of ACE2 can also support the IL-6 expression [17].
IL-6 promotes the expression of angiotensin 1 receptor reinforcing the
vascular wall response to angiotensin II-mediated signaling such as
cytokine secretion [17]. Thus, angiotensin II and IL-6 can induce each
other via a positive feedback manner [17].

IL-6 operates via two major signaling pathways named cis or trans. In
cis pathway, IL-6 initially creates a complex with the membrane-linked
IL-6R and gpl130 which then recruits JAKs and STAT-3 [21]. This
signaling pathway exerts pleiotropic impacts of IL-6 on the innate-
(macrophages, neutrophils and natural killer cells) as well as specific- (T
and B cells) immune cells that can support the cytokine storm. In trans
pathway, IL-6 firstly attaches to a soluble IL-6 receptor (sIL-6R) and then
creates a complex with a gp130 dimer on most types of somatic cells.
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Fig. 1. Activation of STAT-3: Binding of numerous cytokines or growth factors to their specific receptors induces phosphorylation of the receptor-associated JAK1
and then STAT3 is phosphorylated by JAK1. Phosphorylated STAT3 is dimerized and translocated to the nucleus, which causes the expression of target genes
contributing to the immunosuppression, inflammation, angiogenesis, proliferation and survival.
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The IL-6-sIL-6R-JAK-STAT-3 signaling complex is then triggered in
membrane-bound IL-6R-negative cells, such as endothelial cells. The
trans signaling pathway powerfully exacerbates the cytokine storm via
upregulation of the excess IL-6, IL-8, vascular endothelial growth factor
(VEGF) and MCP-1, while downregulates the E-cadherin on endothelial
cells [21,22]. The VEGF upregulation accompanied by E-cadherin
downregulation promotes vascular leakage contributing to the hypo-
tension and ARDS [22].

The presence of SARS-CoV-2 infection or its spike protein promotes
IL-6 secretion and induces ADAM-17-mediated release of sIL-6R from
epithelial cells [23]. The IL-6 production by SARS-CoV-2-infected
epithelial cells cause STAT-3 activation and MCP-1 secretion from
endothelial cells (where membrane-bound IL-6R is poorly expressed) via
trans-signaling pathway [23]. SARS-CoV-2 infection prevents STAT-3
activation in epithelial cells and inhibits MCP-1 generation in epithe-
lial cells. However, IL-6 production by SARS-CoV-2-infected epithelial
cells promote inflammatory responses in endothelial cells through
trans-signaling pathway [23].

IL-6/STAT-3 axis can contribute to the COVID-19 pathogenesis via
promotion of the Th17 cell development. Th17 cells secrete a large
number of cytokines including IL-17A, —17F, —21, —22, —23, —26, TNF-
o, GM-CSF and CCL20 [24,25]. Th17 cell hyperactivity has been re-
ported in MERS-CoV and SARS-CoV patients [26,27]. Higher peripheral
blood count of CCR6" Th17 cells were reported in a severe COVID-19
patient [28]. Higher numbers of Th17 cells, elevated plasma levels of
Th17-related cytokines (including IL-17, IL-21 and IL-23) and greater
expression of Th17-related transcription factor (RORyt) were observed
in patients with mild and severe forms of COVID-19 compared with
healthy individuals [29]. Some COVID-19-related risk factors such as
obesity, hypertension, and chronic kidney disease, increased age (>65
years), diabetes and male gender were associated with elevated Th17
cell activity [30]. The ACE2 down-regulation and hypoxia also promote
Th17 cell activity during COVID-19 [30]. Many cytokines among the
COVID-19-related cytokine storm directly and/or indirectly derive from
Th17 cell responses. Thus, an over-activity of Th17 cells following
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SARS-CoV-2 infection promotes hyper-inflammation. A potent relation
has been indicated between IL-17A levels in the bronchoalveolar lavage
fluid (BALF) with lung inflammation and poor outcome in patients with
ARDS [31]. IL-22 can also promote the lung edema formation enriched
with fibrin and mucins, as observed in patients with SARS-CoV and
SARS-CoV-2 infection [32].

Antigenic induction of naive CD4" cells accompanied by IL-6-
mediated STAT-3 activation in the existence of TGF-p leads to the
Th17 cell differentiation [24,25]. IL-23 and IL-21 also reinforce Th17
cell differentiation via STAT-3-mediated signaling pathway. The
blockade of STAT-3-mediated signaling interrupts Th17 cell differenti-
ation [33]. Targeting of the STAT-3 axis during the initial stage of
COVID-19 can probably attenuate the disease severity such as lung
dysfunction via reducing Th17 cell development.

2.2. STAT-3 contributes to the lung fibrosis and injury

Lung fibrosis is one of the serious consequences of respiratory viral
infections, such as COVID-19 and SARS [17,34]. Lung fibrosis is due to
the large deposition of the extracellular matrix proteins, such as fibro-
nectin impairing lung activity and gas exchange.

TGF-p-associated signaling performs fundamental roles in lung
fibrosis, but its contribution to COVID-19-related lung fibrosis remains
to be clarified. It has been indicated that SARS-CoV PLpro stimulates the
Egr-1-induced TGF-f1 expression through ROS-p38 MAPK-STAT-3 axis
promoting the pro-fibrotic reactions [35]. Blood platelets, macrophages,
recruited neutrophils and infected type 2 alveolar cells can act as pro-
ducers of TGF-p during COVID-19 [36,37]. According to lessons from
SARS-CoV-1, it was suggested that the N protein of SARS-CoV-2 may
support the TGF-B-induced plasminogen activator inhibitor-1 (PAI-1)
and collagen I expression, hence promoting lung fibrosis [38].

There is evidence concerning the contribution of the IL-6/STAT-3
axis to lung damage. Elevated levels of the phosphorylated STAT-3
were found in lung biopsies collected from patients with idiopathic
lung fibrosis and from mice with bleomycin-induced lung fibrosis [39,
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Fig. 2. Contribution of STAT-3-mediated pathways to COVID-19 pathogenesis. Activated STAT-3 can down-regulate lymphopoiesis, E-cadherin expression by
vascular endothelial cells, Treg cell activity and anti-viral immune responses (including type I IFN-mediated signaling, NK cells activity, Th1 cell responses and CD8"
CTLs) supporting the lymphopenia, the vascular leak, hyper-inflammation and virus persistence, respectively. Activated STAT-3 can up-regulate the formation of the
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40]. STAT-3 inhibition using a small molecule reduces pulmonary
fibrosis in bleomycin-induced fibrosis [40]. IL-6 and IL-33 may
contribute to the lung fibrosis in mice with Bleomycin-induced through
the activation of STAT-3- and AMPK-mediated signals [41].

In a mouse model of pulmonary fibrosis, it was observed that CXCL16
induces the progression of fibrosis via promotion of the STAT-3 phos-
phorylation in lung fibroblasts. The effect of CXCL16 was remarkably
abolished (using a STAT-3 inhibitor) in lung fibroblasts [42]. Targeting
of the IL-6-related downstream molecules such as STAT-3 can be
considered as an alternative approach to the treatment of fibrosis.

IL-6 overexpression in pulmonary tissues using adenoviral vectors
also exacerbated fibrosis, which was related to raised numbers of pro-
fibrotic M2-macrophages [43]. Although IL-6 is generally considered
as a profibrotic molecule, an experimental study indicated that the IL-6
blockade at the initial inflammatory period (day 2 after
bleomycin-induced pulmonary damage) promotes the pneumocyte
apoptosis, which more contributed to lung fibrosis, while IL-6 inhibition
at the initial fibrotic period (day 8 after induced lung damage) markedly
attenuated the fibrosis of the lungs [44].

Using IL-6-defective mice, it has been demonstrated that IL-6 at-
tenuates acute lung damage in the infection of influenza A virus [45].
The proliferation, survival and migration of lung fibroblasts as well as
virus-mediated apoptosis of lung epithelial cells were enhanced in
IL-6-defective mice infected with influenza A virus [45]. IL-6 can facil-
itate repair after virus-mediated lung damage by limiting the inflam-
matory responses and promoting the protective adaptive immune
responses [46].

In epithelial cells, excessive IL-6-mediated signaling contributes to
the VEGF expression increasing vessel permeability and decreasing
myocardial contractility [47]. VEGF secretion and reduced expression of
E-cadherin promote vascular permeability and leakage that are impli-
cated in the pathogenesis of hypotension and lung failure in ARDS [48].
IL-6 is also involved in the viral infection progression via activating of
the matrix metalloproteinases promoting tissue permeability and
edema.

2.3. STAT-3 contributes to the thrombosis

Pulmonary capillary thrombosis may lead to the quick development
of hypoxia in COVID-19 patients [49]. There are controversies con-
cerning the IL-6 role in inflammatory hypercoagulation, as it has been
stated IL-6 can promote the incidence of fibrotic clot generation in whole
blood, but its impact is less prominent than that seen for IL-1 or IL-8
[50]. However, it was also documented that IL-6 is essential for reso-
lution of thrombus as it acts as a regulator of the expression of
thrombolysis-related genes such as MMPs in macrophages [51].

In COVID-19 patients, PAI-1 is highly expressed in lungs and plasma
[49]. In injured type 2 alveolar cells, the expression of PAI-1 is indirectly
upregulated by STAT-3. PAI-1 interacts with TLR4 and triggers IL-6
expression which activates STAT-3 [38]. STAT-3 and PAI-1 reinforce
thrombosis and coagulopathy in COVID-19 [49]. STAT-3-mediated
PAI-1 upregulation may effectively suppress urokinase-type plasmin-
ogen activator and tissue-type plasminogen activator, promoting
thrombosis [52]. STAT-3-mediated CRP production can induce tissue
factor (TF) which in turn promotes the conversion of prothrombin into
thrombin that convert plasma fibrinogen into fibrin causing fibrin-based
coagulation [52].

2.4. Contribution of the STAT-3 to the lymphopenia

Lymphopenia may happen in about 1.0%-80.0% of mild/moderate
COVID-19 patients and in about 33.0%-96.0% of severe COVID-19 pa-
tients [53]. The blood counts of T cells (including total CD3™ cells, CD4™
T- and CD8" T cells), B lymphocytes and NK cells are diminished in
COVID-19 patients, particularly in severe cases [53]. SARS-CoV-2- and
immunologic-related mechanisms may lead to the appearance of
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lymphopenia by affecting the lymphopoiesis, lymphocyte viability, and
tissue re-distribution of lymphocytes [53]. Lymphopenia can cause
general immune-dysfunction and reinforce cytokine storm, both of them
perform a major role in viral spreading and multi-organ dysfunction
[53]. Lymphocytopenia exhibits a powerful association with mortality,
especially in patients with lower counts of CD3" T-, CD4" T-, and CD8"
T cells [54,55].

Using various mouse models, it was indicated that IL-6 inhibits
lymphopoiesis by direct impacts on hematopoietic stem cells [56,57].
An inverse relation has been indicated between serum IL-6 amounts and
the absolute counts of blood lymphocytes in patients with COVID-19
[58]. The absolute counts of lymphocytes were enhanced within the
24 h after administration of Tocilizumab, a blocking monoclonal anti-
body against IL-6R [58,59].

In a mouse model of SLE, it has been demonstrated that the un-
committed progenitor cells express IL-6Ra and respond to IL-6 by
phosphorylation of STAT-3. Furthermore, high IL-6 levels disrupt lym-
phopoiesis and promote the production of myeloid cells in a STAT-3-
dependent manner [56]. Indeed, higher neutrophil/lymphocyte ratios
were indicated in severe COVID-19 patients [53]. IL-6 influences lym-
phopoiesis through gpl130-mediated STAT-3 activation [60]. The
involvement of the IL-6/STAT-3 axis in the COVID-19-mediated lym-
phopenia needs careful dissection. If the role of the IL-6/STAT-3 axis in
the COVID-19-mediated lymphopenia proved, then the targeting of
STAT-3 can improve the lymphopenia.

3. STAT-3-mediated signaling pathways affect immune
responses during COVID-19

3.1. STAT-3 impairs the anti-virus immune responses

In the innate immunity interferons (IFNs) provide the first protective
border against viral infections [61]. Type I IFN signaling activates both
STAT-1 and STAT-3 factors. However, some SARS-CoV-2 proteins such
as ORF6 and NSP1 can inactivate STAT-1 contributing to the inhibition
of IFN response, while compensatory leading to the hyper-activation of
STAT-3. STAT-3 inhibits the STAT-1-mediated type I IFN response via
preventing the creation of the STAT-1 homodimer by generating het-
erodimers with STAT-1, inhibiting the ISGF3 binding to DNA, reducing
the expression of ISGF3 components [62]. Furthermore, during acute
lung damage or when STAT-1 is insufficient, the expression of EGFR is
upregulated [63,64]. EGFR-mediated signaling also inhibits type I IFN
responses through induction of STAT-3 [38]. Thus, STAT-3-mediated
inhibition of IFN response, especially during early stages of
SARS-CoV-2 infection promotes virus spreading. Due to the importance
of the IFN response during the initial phase of infection with
SARS-CoV-2 [61], the local targeting of STAT-3 at this stage can improve
IFN response and limit the virus spreading.

In specific immunity, CD4" Thl cells generate certain cytokines,
particularly IL-2, IFN-y and TNF-a that provide help for CD8" cytotoxic
T lymphocytes (CTLs) and natural killer (NK) cells to destroy the virus
infected-cells and reduce viral load [65,66]. Th2 cells release cytokines
such as IL-4, -5, -6, and -9 assisting B cells to secrete anti-viral antibody
[25,67]. Suitable antibody responses to certain parts of S protein, in
particular receptor-binding domain (RBD), can prevent the SARS-CoV-2
attachment to its target cells [68]. Treg cells exhibit immunomodulatory
activity through the generation of immunoregulatory cytokines TGF-f,
IL-10 and IL-35. However, over-activity of Treg cells assist pathogen
persistence, while their poor activity promotes immunopathologic
damage [24]. Although the precise role of Thl/Th2 cells during
SARS-CoV-2 remains to be clarified, it seems that the balanced
Th1/Th2-related responses require for effective control of a viral
infection.

Th1 cell responses appear to be protective against SARS-CoV, while
Th2 responses are related to SARS progression [69]. It appears that the
elimination of SARS-CoV-2 needs the timely and proper activation of
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CD4" Thl cells. In recovered patients with mild COVID-19, all the
virus-specific CD4™" T cells were Th1 cells [70]. The CD4" Th1 cells were
reduced in COVID-19 patients who did not respond to antigenic stimu-
lation with SARS-CoV-2-derived major proteins [71].

IL-6/STAT-3 axis inhibits Th1l polarization, promotes Th2 cell re-
sponses, suppresses CD8" CTLs and NK cells, and induces T cell
exhaustion, as indicated by the expression of markers including PD-1
and Tim-3 [8,17,72], promoting viral persistence and replication.
STAT-3 exerts key modulatory impacts on the T cell-mediated immune
responses, as it antagonizes the secretion of Thl cell-related cytokines
such as IFN-y and IL-12 [73-76].

The immunopathological response can be triggered by inappropriate
excessive Thl cell-induced responses [77,78]. SARS-CoV-2-specific T
cells in COVID-19 patients with ARDS largely produced Th1 cell-related
cytokines, but the production of Th17- and Th2 cell-linked cytokines
were also detected [79]. The raised numbers of Th1 cells were detected
in the peripheral lymphoid organs of severe COVID-19 patients which
related to the diminished number of follicular helper T (Tfh) cells [80].
In transgenic mice expressing human ACE2, the SARS-CoV-2 infection
causes accumulation of macrophage and lymphocyte in the lungs with
potent Thl cell responses and greater amounts of pro-inflammatory
cytokines [81]. Raised amounts of IFN-y, TNF-a, MCP-1 and IP-10
were associated with COVID-19 severity [5,82]. Thl cell-mediated re-
sponses can cause various consequences during different stages of
COVID-19.

In COVID-19 patients needing intensive care, the Th2 cell responses-
rather than Th1 cell responses-are provoked against SARS-CoV-2 [83].
Large quantities of Th2 cell-related cytokines were measured in fatal
COVID-19 cases in comparison with the recovered patients [84]. Some
experiments using mouse models indicated that STAT-3 coordinates
with STAT-6 in order to support Th2 cell differentiation [85]. STAT-3
regulates the maturation and differentiation and activation of B cells
[86]. IL-6 involves in the formation of follicular helper T cells, genera-
tion of plasma cells and IgG production [8,17]. Disruption of IL-6 in the
very initial phases of virus infection can lead to impaired Tth cell dif-
ferentiation and delay in the production of antiviral antibodies [87].

The frequencies of Treg cells were diminished in severe COVID-19
patients [88,89]. Severe COVID-19 patients display low numbers of
Treg cells [90,91] and raised numbers of Th17 cells resulting to the
decreased Treg/Th17 cell ratio [28,32]. Organic environmental pollut-
ants lead to the expression of aryl hydrocarbon receptor (AhR) and
consequently AhR/IL-6/STAT-3 axis promotes Th17 cell differentiation
while suppresses Treg cell polarization causing Treg/Th17 cell imbal-
ance in COVID-19 patients [92]. A deviation in the balance of
Th17/Treg cells toward Th17 cells may support the COVID-19 patho-
genesis. The Treg/Th17 cell imbalance promotes the severity of lung
injury and the development of the ARDS [93,94]. Excessive Th17 cell
activities along with weak Treg cell responses may contribute to the
massive release of pro-inflammatory cytokines and chemokines in
COVID-19 patients which reinforce cytokine storm, exacerbating the
disease and lead to multi-organ dysfunction and death.

STAT-3-mediated signaling inhibits Treg cell differentiation leading
to the promotion of the immunopathologic responses [86]. Critical
COVID-19 patients with poor prognosis displayed greater numbers of
Treg cells and Th2 cells than those with a favorite prognosis [95].
Further, primary IL-6 signaling can enhance IL-27-dependent Treg cell
differentiation in mouse models of influenza virus and respiratory syn-
cytial virus (RSV) infections preventing immunopathological responses
[96].

3.2. STAT-3 can contribute to the development of M2-like macrophages
during COVID-19

Activated macrophages were grouped into two distinct subsets,
including classical (M1)- and alternative (M2) macrophages. M1 mac-
rophages produce IL-1, IL-6, IL-12, TNF-a, monocyte chemotactic
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protein 1 (MCP-1), nitric oxide (NO), and reactive oxygen species (ROS)
promoting inflammatory responses [6,97]. The lung macrophages
display the M1 phenotype during the acute exudative stage of ALI/ARDS
[97]. Suppressing the STAT-3 activity has a protective effect against
LPS-induced ALI via inhibition of the M1 macrophages [98].

M2 macrophages contribute to the inflammation resolution, angio-
genesis, and tissue repair by secretion of IL-1 receptor antagonist, TGF-f,
IL-10, arginase 1 and CCL18 [6,97]. The lung macrophages display M2
phenotype and contribute to pulmonary fibrosis during the fibroproli-
ferative stage of ALI/ARDS [97].

Using animal models of RSV infection, it was postulated that the lung
macrophage polarization toward an M1 phenotype reduces the virus
replication [99]. Depletion of M1 macrophages by apoptosis and ne-
crosis can occur in some viral respiratory infections such as influenza
and SARS, facilitating the viral replication [99]. Depending on the type
of virus, the polarization of the macrophage to M2 type leads to virus
persistence via attenuating the efficient anti-virus immune responses
[99]. However, the balanced activation of M2 macrophages needs to
prevent the RSV-induced immunopathology [99,100]. Higher numbers
of FCN1*- and FCN1' SPP1+* macrophages (M1-like phenotype) have
been observed in the BALF samples collected from patients with severe
COVID-19, while the BALF specimens obtained from patients with
moderate COVID-19 and healthy individuals exhibited a greater number
of FABP4" macrophages (M2 phenotype) [101].

In addition to antiviral properties, type I IFNs influence the polari-
zation of macrophages [99]. Type I IFNs may lead to the M1 macrophage
polarization via induction of the STAT-1 and STAT-2-linked signals,
whereas they cause M2 macrophage polarization through stimulation of
the STAT-3 and STAT-6-mediated pathways [99,102]. Type I
IFN-mediated signaling in the macrophages coincided with the presence
of high amounts of STAT-1 and STAT-2 causes their polarization to the
M1 phenotype, while high expression of STAT-3 and STAT-6 lead to
their polarization to the M2 phenotype [99,102]. An in vitro study using
mouse macrophages, it was observed that the suppression of the
IL-6/STAT-3 signaling induced the M1 macrophage polarization, while
prevented the polarization of M2 macrophages [103]. IL-6 also induces
the polarization of the M2 macrophages via stimulation of STAT-3
correlating with the development of gastric cancer [104].

The mechanisms controlling the macrophage polarization during the
different stages of SARS-CoV-2 infection and their orientation in the
correct direction need more investigations. If the contribution of the M1
and M2 macrophages in the COVID-19-related pathological events
proved, then the targeting of certain STATs such as STAT-3 may be
considered as a therapeutic approach.

4. STAT-3 can promote SARS-CoV-2 replication

A number of proteins derived from HBV, HCV, EBV, HSV-1, HCMV,
HIV, KSHV, mumps virus, measles virus, Influenza A virus and SARS-
CoV can directly interact with STAT-3 and influence viral replication
and persistence [10]. STAT-3 can operate as a proviral or antiviral
element in a virus-specific process [10]. Concerning the coronaviruses,
SARS-CoV infection in Vero E6 cells activates p38 MAPK pathway which
reduces cell apoptosis via STAT-3 inactivation [105]. Moreover, the
SARS-CoV-2 infection in Vero cells (an epithelial cell line derived from
the kidney of African green monkey) leads to the STAT-1 and STAT-3
dephosphorylation, large virus production and apoptosis [106]. How-
ever, in Calu-3 cells (an epithelial cell line derived from human airways),
SARS-CoV-2 infection induces long-lasting STAT-1 and STAT-3 phos-
phorylation, small virus production without large apoptosis. Inhibitors
that blockade STAT-3 phosphorylation and dimerization reduce
SARS-CoV-2 production in the Calu-3 cell line, but not in the Vero cell
line [106]. Phosphorylation and dimerization of STAT-3 is essential for
the SARS-CoV-2 formation in Calu-3 cells [106]. Thus, the role of
STAT-3 in infection with the SARS-CoV-2 can be altered depending on
the infected cell type.
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5. Targeting of STAT-3

The hyper-activation of STAT-3 can play a pivotal role in the path-
ogenesis of COVID-19 due to the occurrence of cytokine storm [107].
Thus STAT-3 may be considered as a possible therapeutic target for se-
vere COVID-19 cases. The STAT-3 activity is strongly regulated by the
negative controllers in non-activated cells [108]. Post-translational al-
terations such as methylation, acetylation and sumoylation can control
STAT-3 activity via changing the STAT-3 phosphorylation. STAT-3 ac-
tivity also can be directly and indirectly modulated by noncoding RNAs
such as miRNAs and long non-coding RNAs [108].

Different strategies are being developed to suppress STAT-3-related
signaling using direct STAT-3 inhibitors or indirectly using the sup-
pressors of upstream kinases [9]. Direct STAT-3 inhibitors bind to
different domains of STAT-3 preventing the activation and function of
STAT-3. Direct STAT-3 inhibitors including small molecules and oligo-
nucleotides such as siRNA targeting DNA-binding domain, SH2 domain
and N-terminal domain [9]. Napabucasin as a small molecule binds to
the DNA-binding domain of STAT-3, and Danvatirsen targets the 3'UTR
region in the STAT-3 gene and prevents its expression [9]. Metformin
prevents STAT-3 activation through decreasing its phosphorylation
[38]. Some FDA-approved agents, such as Celecoxib and Pyrimeth-
amine, were considered as STAT-3 suppressors [9]. A number of natural
compounds (such as Curcumin, Caffeic acid, Betulinic acid, Capsaicin,
Butein, Diosgenin, Celastrol Cucurbitacins, Guggulsterone and Hono-
kiol) targeting STAT-3 was evaluated in preclinical and clinical studies
[109].

6. Conclusion

STAT-3 can contribute to the development of several major patho-
logical events during COVID-19. STAT-3 may inhibit the anti-SARS-CoV-
2 IFN response and potentiates the unbalanced adaptive immune re-
sponses via influencing the differentiation of the effector Th17-, Treg-,
Thl- and Th2 cells [73-76], thus promoting the virus persistence and
immunopathologic reactions.

The results from an in vitro study using an epithelial cell line indi-
cated that the silencing STAT-3a leads to the upregulation of the ACE2
expression while silencing STAT-3p exerts the opposite impacts [110].
SARS-CoV-2 can utilize STAT-3-induced ACE2 upregulation to promote
infection [78]. In alveolar epithelial cells, SARS-CoV-2 infection through
ACE2 can activate STAT-3 amplifying the IL-6 expression that triggers a
positive feedback process [103]. STAT-3 can also support coagulopathy
and lung fibrosis in SARS-CoV-2-infected patients.

Thus, STAT-3 can be considered as an excellent target for COVID-19
therapy. Timely targeting of IL-6/STAT-3 axis can potentiate appro-
priate immune responses against SARS-CoV-2 while attenuating
immunopathology reactions. There are actually some challenges
regarding the STAT-3-based therapies in the clinic. Firstly, there are
large sequence and conformational similarities between STAT-3 and
other STAT members such as STAT-1 and STAT-5 [111]. Biologically,
STAT-1 and STAT-3 exert opposite activities. Hence, a direct STAT-3
inhibitor can nonspecifically inhibit STAT-1 causing unwanted adverse
effects [111]. Secondly, different STAT molecules can exhibit functional
redundancy in their activities. Thus, when a certain STAT is selectively
blocked another STAT molecule can exert compensatory impacts. For
instance, blockade of STAT-3 which is essential for IL-6-mediated
signaling, can allow the cells to react to this cytokine via STAT-1 [9].
Thirdly, there are some functional dualities concerning STAT-3. For
example, STAT-3 is involved in both IL-10- and IL-6-mediated signaling
pathways. IL-10 promotes Treg cell polarization, whereas IL-6 induces
Th17 cell differentiation. The orientation of the functional dualities of
STAT-3 in favorite directions need to be clarified in future studies [9].
Fourthly, the main limitations of the inhibitory peptides targeting
STAT-3 are low cell permeability, undesirable pharmacokinetic effects,
low stability, and suboptimal potency [112,113]. Fifth, there are some
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concerns about the selectivity, safety and mechanisms of action of small
molecules targeting STAT-3 [9]. Sixth, effective delivery of siRNA to a
specific cell subset has been considered as a vigorous challenge
regarding their clinical utilization [114]. Seventh, the STAT-3 inhibitors
that have used in clinical trials can cause adverse reactions such as
nausea, hypertension and weakness, limiting their clinical utility [115].
Natural components including butein and curcumin suppress STAT-3 via
a number of mechanisms such as affecting the STAT-3 phosphorylation,
dimerization and DNA-binding capacity. These compounds exhibit
favorable patterns of toxicity, however, they operate nonspecifically and
blockade STAT-3 indirectly [113]. Finally, a precise understanding of
the role of STAT-3 in different lymphoid- and non-lymphoid cells is
essential in order to design novel STAT3-based therapies.
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